Abstract. The displacement field has been monitored in the vicinity of the crater rim at Mount Merapi (Indonesia) from 1993 to 1997. During this period the volcanic activity has been quasicontinuous with dome growth, explosions, and pyroclastic flows. We measured a nine-point network every year with the Global Positioning System static method. Interpretation of results is conducted with a three-dimensional elastostatic boundary elements code that takes into account topography, fractures, and complex magma source geometry. The inversion technique yields an estimate of the variation with time of the boundary conditions at the magma duct interface together with the probability associated with the best model. The Young's modulus of the equivalent continuum is found to be very low (of the order of 1 GPa), a feature which suggests that a viscoelastic behavior may be more appropriate for this rock mass, given the observed seismic velocities for the domain of interest. A striking compatibility is outlined between observed deformations and the rate of occurrence of multiphase seismic events, once the main fractures of the structure have been taken into consideration. This suggests that the summit elastic (or viscoelastic) deformation field is controlled by the magma flux within the duct rather than by magma pressure variations. In addition, a nonelastic displacement has been identified at the westernmost point of the network. This was considered critical for the stability of the summit structure, a concern whose validity has been verified a posteriori by the July 1998 explosion.
Introduction
Some understanding of magma conduits in volcanoes can be retrieved from seismic tomography, gravity, or magnetic fields analysis. The study of quasistatic ground motion during periods of activity (displacements, tilt, and strain) also contributes to this understanding. Recent synthesis of volcano geodesy has been conducted by Dvorak and Dzurisin [1997] , who conclude that analysis of geodetical results may yield estimates of magma supply rates, of the location of magma sources, and in some cases, of the size and shape of complex magma reservoirs.
In this paper, we attempt to identify the stress boundary conditions within the summit inner conduit for Mount Merapi (2964 m), a young andesitic stratovolcano located on central Java, Indonesia. For the last few years, Merapi has experienced quasicontinuous extrusion of lava at its summit. This extrusion forms a dome that is continuously and partially destroyed by avalanches and pyroclastic flows [Tjetjep and Wittiri, 1996; Purbawinata et al., 1997] .
After a review of recent activity at Merapi and of geological structural observations, we present the Global Positioning System (GPS) network that was installed and displacement results that were obtained during the five campaigns we carried out. A threedimensional model which takes into account the real topography, the magma conduit, and the summit fractures is proposed in order to discuss possible deformation sources that explain observed displacement data.
Recent Activity

Dome Growth
Since the 1961 eruption, magma production has been limited to the main horseshoe-shaped crater (see Figure 1 ). We focus here on the period that began in 1991. After being inactive for 5 years, a strong seismic crisis occurred in 1990, followed by the growth of a new dome in the main crater on January 20, 1992 (Figure 2 ). During the following years, andesitic magma, which may be almost completely degassed, was slowly extruded as an endogenous dome, with flow rates ranging from 5,000 to 200,000 m 3 d -1 . The dome shape varied steadily with time, from a perfect hemisphere at the beginning of eruption to a more complex geometry. The crater floor dips 35° to the southwest, and the dome flowed down into that direction, giving it an ovoid shape. From the vesiculous aspect of avalanche fragments we know that the dome core is viscous and incandescent [Berthommier, 1990] . The dome is almost continuously in a steadystate instability. Its slope reaches 60° in a few places, a feature which is evidence for a very Copyright 2000 by the American Geophysical Union.
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The period of interest for this paper was marked by four main dome collapses: April 18, 1993; November 22, 1994 (3.5 × 10 6 m 3 ); January 17, 1997 (1.3 × 10 6 m 3 ), and July 11-19, 1998 (unknown volume) . Since 1993, the dome is monitored daily with a 1000-mm focal length camera with shots taken from the foot of the volcano [Ratdomopurbo, 1995] . This yields an estimate of the dome height with a roughly 0.2-m resolution and a 10% error on the volume, considering a perfect semispherical dome.
Seismic Activity
Since the first analysis of seismic events at Merapi by Shimozuru et al. [1969] , seismic events are counted daily and classified into six categories that reflect different types of internal or external phenomena (see Figure 3) [Ratdomopurbo, 1995; Ratdomopurbo and Suharno, 1997] . Data come from one of the seismological network stations (Pusunglondon, 700 m from summit) installed in 1982. Seismic events denominated "volcanotectonic" type A (source depth from 2 to 5 km below the summit) and type B (depth <1.5 km) reflect stress release on existing faults around the magma chamber, possibly because of magma pressure variations. The "low-frequency" events are short tremors 1.5 Hz and are very superficial. The "multiphase" events are complex and very shallow seisms. Shimozuru et al. [1969] , followed by Ratdomopurbo [1995] , gave some evidence for a link between the multiphase events and the magma production at the summit: They may result from shear stress variations within the viscous magma along the duct. The "guguran" events are associated with rock avalanches from the lava dome and reflect a combination of the dome stability and growth rate. Pyroclastic flows are also detected on seismograms, but they are usually confirmed by visual observation.
Geodetic Surveys
A geodetic network has been installed by the Volcanological Survey of Indonesia and U. S. Geological Survey in 1988 for Electronic Distance Measurement (EDM) monitoring [Suganda et al., 1995; Purbawinata et al., 1997] . Figure 4 shows the horizontal displacements of the summit points for the 1988-1992 period (SEL held fixed), including extrusion of the 1992 lava dome. We observe six zones with different behavior: TRI (60 cm to the west); NUR and LIL (30 cm to the north); PUN and LUL (no displacement); MAR and IPU (20 cm to the east); GQ4 (15 cm to the south); DOZ and ALB (100 cm to the south). Strain between consecutive zones is of the order of 10 -2 and implies some inelastic behavior. Suganda et al. [1995] tried to model these data with Mogi's [1958] point source model. They finally concluded that fractures observed at the summit are major discontinuities in the structure and prohibit modeling by a simple elastic continuum. Moreover, vertical components of these data are not constrained enough for proposing a temptative quantitative interpretation model.
Data Acquisition
GPS Network
The GPS method offers a major advantage over the EDM: Measurements can be carried out during cloudy weather and do not require direct view between benchmarks. Our GPS network is [Sadjiman, 1986 [Sadjiman, , 1992 Ratdomopurbo, 1995] ) is shown. Table 3 gives positions and associated eruption period of the baserock. The network consists of 9 points at the summit, around the main crater, and 5 additional far-field points used as first-order network ( Figure 5 ).
The far-field network GPS processing for 1996 and 1997, including local meteorological modeling, have been presented and discussed by Beauducel and Cornet [1999] . GPS vertical displacements for 1993, 1994, and 1995 networks are also presented by Jousset et al. [2000] . We introduce here the summit data concerning the nine-points shown on Figure 1 from 1993 to 1997, whereas we investigate local phenomena located around the top part of the volcano.
GPS Measurements
We measured the network every year from 1993 to 1997, using two Sercel NR101 single-frequency receivers, except in 1994 when we used three Ashtech dual-frequency receivers. The relatively short dimension of the network (8 km for the longest baseline) allows the use of single-frequency processing. Each campaign included some 12 to 32 measurement sessions between every two benchmarks. These sessions consisted of 1 to 6 hours of simultaneous recording, depending on the baseline length. Baselines are processed with the double difference method, using a local meteorological model for tropospheric delay correction for long baselines, and all phase ambiguities were resolved. The computed baselines (three-dimensional (3-D) vectors expressed in the geocentric referential) with a priori errors are adjusted in space by a least squares inversion method (J.C. Ruegg and C. Bougault, unpublished notes, 1992), using SEL0 as reference point (1.2 km from summit). This compensation allows a realistic determination of uncertainties on positions, including various atmospheric effects that are then averaged, since sessions are taken at day and night. The degree of freedom for inversion reflects the statistical degree of confidence for positioning. It corre- Figure 3 . Seismic activity (number of events per day) and lava dome volume estimation from 1991 to 1997 (data from Radtomopurbo and Suharno [1997] ). VTA, deep volcanotectonic (depth > 2 km); VTB, shallow volcano-tectonic (depth < 1.5 km); LF, low frequency (1.5 Hz); MP, multiphase; GG, "guguran" associated with rock avalanches; NA, nuées ardentes. Gray lines represent time of GPS campaigns. sponds to n -m + 3x, where n is the number of data (three component per baseline), m is the number of unknown parameters (coordinates of points), and x is the number of fixed points. This parameter must be significantly >1, and it varies from 12 to 57 in our case.
The final positions of points for each period are obtained in local universal transverse Mercator (UTM) coordinates together with their a posteriori errors and the mean standard deviation of residues for the entire network adjustment (Table 2) . Relative displacements are computed for the 4-year period by differences between positions, while uncertainties are obtained by a rootmean-square of positions errors (Table 1) .
Displacements Results
Cumulated displacements from 1993 to 1997 are presented in Figure 6 (for year-to-year displacement vectors, see also Figure  13 ). The summit deformation pattern is very similar to that shown by previous EDM results (direction and relative amplitudes), but amplitudes are 2 or 3 times smaller. This pattern can be analyzed quantitatively through four zones with different behaviors which are clearly observed (Figure 7 and 8): Point NTR0 with displacements up to 30 cm to the northwest (zone 1); points NUR0 and LIL0 with displacements up to 10 cm to the north (zone 2); all the points on the eastern part of the main crater (LUL0, PUN0, MAR2, IPU0 and AYI0) with displacements up to 5 cm toward the crater center (zone 3); and point DOZ0 with displacements up to 20 cm to the southeast (zone 4). These four zones are all separated by documented fractures. Thus we may consider that the fractures correspond to real discontinuities in the summit structure that may play an important role in this deformation field.
Three-Dimensional Elastic Modeling
From a 3-D representation of the summit structures our numerical analysis attempts to model the deformation field induced by the flow of a viscous magma within a conduit. The material is considered as elastic, isotropic, and homogeneous, but it includes the main discontinuities deduced from the observed fractures at surface. 
Structures and Sources Involved
The various observations described in section 2 yield an outline of the phenomenology involved in the summit deformations. Since there has been a continuous production of viscous lava dome into the main crater for some 10 years, we suppose the existence of a unique magma conduit located at the center of the 1992 new dome hemisphere (see Figure 2) .
Three main fractures have been identified at the volcano summit from geomorphological observations [Sadjiman, 1986 [Sadjiman, , 1992 . Figure 1 shows their approximate positions over the 1986 topography. At ground surface all the fractures are subvertical and produce hot gases, essentially water vapor and SO 2 , suggesting that they may be connected to the magma. For the modeling their vertical extension has been chosen equal to their horizontal extension. Unfortunately, no extensometric data are available, except for the "Lava 1956" (near benchmark LIL), which has been monitored manually from 1991 to 1993 by the Merapi Volcano Observatory. A differential opening equal to 5 cm has been observed during this period and is taken as evidence for the activity of this fracture (Subandriyo, personal communication, 1993) .
Two types of material are involved: (1) hot and viscous lava behaving as a fluid (density ρ a and viscosity µ); and (2) cold and fractured rock behaving as a elastic solid (density ρ r , Young modulus E, and Poisson ratio ν) . Its boundary is associated with the topography and magma conduit before the 1992 eruption. Following this hypothesis, we consider three types of deformation sources (see Figure 9 ):
(1) dome weight effect on the crater floor, as a function of the dome height h, P(h) = ρ a gh ;
(2) magma pressure in the duct, as a function of pressure in the magma chamber P c and maximum dome height variations,
(3) wall shear stress along the duct of radius a due to the drag associated with viscous magma flow (Newtonian fluid with velocity w),
The pressure in the duct (2) is theoretically dependent on the shear stress variations (3), and it must vary with depth along the conduit. We do not consider here the vertical gradient of pressure but a mean value for pressure variations, which is sufficient for the study of resulting surface deformations.
Mixed Boundary Elements Method (MBEM)
The deformation pattern and topography of the Merapi summit cannot be properly modeled with a one-or two-dimensional modeling. Moreover, we have to take into account a discontinuous medium with fractures. The MBEM [Cayol and Cornet, 1997] is well adapted to model small elastic perturbations in a three-dimensional homogeneous body [Cayol and Cornet, 1998; Beauducel and Cornet, 1999] . The method combines two different boundary elements methods: the direct method [Rizzo, 1967;  [Crouch, 1976] . The direct method is based on Betti's reciprocal theorem and the solution of Kelvin's problem of a point force in an infinite body. It is well suited for modeling topography and cavities. The DD method is based on the analytical solution of a single displacement discontinuity in an infinite space [Rongved and Hill, 1957] . It is well suited for modeling fractures. This allows us to consider free topographic surfaces, magma conduits, and fractures. Any stress component (pressure and shear) can be introduced on the elements associated with the direct method. For fractures (DD) the code does not yet include friction, and fracture boundaries are free to interpenetrate. This is consistent with a reality where superficial fractures are already open but may undergo normal or tangential motion, yet without any significant contact.
Lachat and Watson, 1976] and the displacements discontinuity (DD) method
Dome Weight Effect
The deformation induced by the dome weight depends strongly on its shape and on the real topography of the crater floor. A very good estimation of the complete 3-D dome geometry has been computed for the 1993 and 1994 periods [Jousset et al., 2000] , but these data unfortunately do not exist for the 1995 to 1997 period.
Considering that the lava dome core behaves as a fluid, we computed the height difference between the 1993 and 1994 domes (Figure 10a ) and determined the pressure variation on each element of the crater floor by
We choose the lava density ρ a = 2,400 kg m -3 [Jousset, 1996] , the Young modulus E = 30 Gpa, and Poisson ratio ν = 0.25. Results are presented on Figure 10b . Displacement field at GPS points is mainly downward with an average amplitude equal to 0.3 cm. Horizontal displacements are almost in the same northeast direction, owing to the crater floor slope. Even if we choose a lower Young modulus, this pattern does not agree with our GPS data for the same period of time. Moreover, this period corresponds to a quite large dome volume variation (2.6 × 10 6 m 3 ). We conclude that dome weight variations on the crater floor have a negligible effect on displacements.
Pressure and Wall Shear Stress
In order to analyze the effect of pressure and shear stress sources, the geometry of the magma conduit must be known. From the results of previous study conducted by Ratdomopurbo [1995] we choose a vertical 25-m radius cylindrical conduit, with a 450-m depth, in order to avoid effect from the bottom boundary.
Because we do not know a priori the respective amplitudes for both sources, we will consider normalized pressure P/E and shear stress τ/E. Our arbitrary unit of displacement will be equal, for instance, to 1 mm for a 1-MPa source and a 30-GPa Young's modulus. For a given structure the displacement field for both sources is computed separately: u(P) and u(τ). Because of the elastic hypothesis the complete displacement field can be computed then by the linear combination: u(P,τ) = αu(P) + βu(τ).
4.4.1. Structure without fracture. Results of the first computation of the two sources effects on a continuous medium are presented in Figure 12 . With a pressure source, displacements are almost horizontal, and we notice that amplitudes decrease rapidly with distance from the source, becoming negligible on the crater rim. On the contrary, with a shear stress source, displacements amplitudes are large over the whole surface, even far from the conduit. For both sources, effects of the asymmetric topography are obvious, and the displacement directions are closer to the GPS data than for dome weight source. 
Structure with fractures.
The meshing of the fractures has required particular attention. We introduced progressively the three known fractures into the structure in order to analyze their respective effects on the displacement field. The Gendol fracture (see Figure 7 for fracture names) is the most important one because it is radial to the conduit and is supposed to reach it. Pressure variation into the duct will produce an opening of this fracture and a displacement of zone 4 to the south, as was observed. When introducing the lava 56 fracture, the model indicates that the fracture is subjected to a dextral shear, thus zone 1 moves to the east. Zone 2 is also affected by this movement. Because this is not compatible with observations, we decided to consider only the east portion of the lava 56 fracture. Introduction of the dome 1 fracture produced an attenuation of the zone 3 displacements . Final configuration is made of the three fractures Gendol (radial to conduit, N135°E, depth = length = 250 m), dome 1 (N135°E, depth = length = 200 m), and east part of lava 56 (N90°E, depth = 250 m, length = 100 m). Results for the two sources effects are presented in Figure 11 . The displacement pattern seems to be compatible with our observations, and we keep this configuration in order to obtain the best fit to the data.
Inverse Problem
For determining the two parameters (pressure and shear stress) from the available data set we explored the model space for each of the four time periods. Each inversion process concerns 9 times 3 components of relative displacements with their uncertainties (data) and 2 parameters (α and β). The forward problem corresponds to a linear combination of the two different sources. A least squares misfit function is defined, and we search for its minimum. Systematic exploration of the model space provides means to identify the real minimum misfit and to determine the probability for each model parameter. Comparison between computed and observed horizontal displacements is presented in Figure 13 : (1) Results of the four inversion processes correspond to the temporal evolution of the two parameters: Pressure (see Figure 14) and shear stress along the duct (see Figure 15 ). They will be compared now to other observations.
Discussion
Structure Behavior
The good agreement between the model and the data supports the hypothesis that the summit structure exhibits an elastic behavior and that preexisting fractures are significant and have been well localized. However, the large misfit for zone 1 implies that these displacements cannot be explained by the elastic model we considered. We concluded that this zone did not exhibit an elastic behavior and suggested that it presented a potential rock slope problem [Beauducel, 1998; Beauducel et al., 1998 ]. However, because there was only one benchmark on this zone, the potential volume of rock that would collapse to the northwest direction could not be estimated. Interestingly, this zone effectively collapsed in July 1998, producing some 5-km-long pyroclastic flows to the west (M.A. Purbawinata, public communication, 1998) .
Pressure Variations
As was mentioned above, pressure variations in the duct result from the sum of two phenomena: Lava column weight and deep magma chamber pressure. If the system is at equilibrium, the pressure in the upper part of the duct must be compensated by the dome weight. If this is not the case, the magma will flow out (the excess pressure is balanced by the shear stress) or the dome will explode. We compare in Figure 14 the evolution of computed pressure variations and the dome volume variations estimated at the same time as that of GPS campaigns. No correlation between the two data sets is observed. The pressure increases slowly until 1996, then decreases after January 1997, while the dome volume keeps increasing during the 1996-1997 period despite the dome explosion. It may be proposed that because of the explosion the 1995 to 1996 period was critical for the dome pressure equilibrium. A very significant magma production occurred during this period, and the dome shape was fairly axisymmetrical, so that for this period the magma pressure may be related to the dome height. With this hypothesis we are able to estimate the Young's modulus from the dome height (150 ± 50 m) and the computed normalized (adimensional) pressure:
This value is very small as compared to that obtained from the observed seismic velocities, i.e., E = 25 GPa [Ratdomopurbo, 1992] . Because the summit structure is essentially constituted of uncompacted rock, fractured lava blocks, and ash matrix breccia, (a) 1993 to 1994. (b) 1994 to 1995. (c) 1995 to 1996. (d) 1996 to 1997. this low modulus may reflect a viscoelastic behavior of the largescale equivalent continuum.
Wall Shear Stress
We present in Figure 15 the computed normalized wall shear stress variations and the variation of the rate of occurrence of multiphase seismic events at the time of GPS campaigns. The correlation is quite striking for the whole period 1993 to 1997. We take it to conclude that displacements observed near the crater rim contain information on the magma flux in the duct if, indeed, the multiphase events are caused by release of the shear stress associated with the viscous drag within the magma, as proposed by Shimozuru et al. [1969] .
From the estimation of Young's modulus the magnitude of relative shear stress variations can be computed. Values range from -0.19 to +0.13 MPa. From (3) and estimation of the Merapi magma viscosity µ = 10 7 Pa s [Ratdomopurbo, 1995] the relative instantaneous velocity (i.e., values at the time of the GPS campaigns) is found to vary from -0.475 to +0.325 m s -1 . Figure 16 shows the mean magma flux evaluated from the dome growth observed from 1993 to 1997. It is of the same order of magnitude, i.e., 0.5 m s -1 , for the periods of interest.
Volcanological Inferences
Modeling the eruptive phenomena requires the introduction of boundary conditions and physical properties of involved materials. Our study indicates that a model with realistic structures effectively helps describing some of these characteristics. The values for elastic parameter and magma viscosity that are implied by this investigation differ significantly from laboratory measurements. This may be considered as one of the interesting outcomes from this kind of investigation since it provides an in situ evaluation for these parameters.
At Soufriere Hills volcano, Montserrat, a remarkable correlation between tilts and seismicity has been observed during magma extrusion [Voight et al., 1998 ]. It has been interpreted as cyclic pressure variations in the upper part of the duct because of magma degassing. We propose here that the shear stress associated with the magma flux may be, in fact, the significant source of deformation, rather than variations in magma pressure.
Conclusions
A three-dimensional elastic model has been proposed for the interpretation of the displacement field at the summit of Merapi volcano. It takes into account vertical fractures observed on the site. This model has outlined the existence of a nonelastic zone, which was considered likely to become a site of instability. This proposition has been validated a posteriori by the July 1998 explosion.
The source of deformation has been interpreted with a two-parameter model (fractures location and geometry have been introduced a priori) which includes the magma pressure and the axial viscous drag along the duct. A strong connection has been established between the magnitude of the computed viscous drag and the rate of occurrence of multiphase seismic events, a feature consistent with the proposition of Shimozuru et al. [1969] that multiphase events reflect the release of shear within the magma while flux variations occur.
Finally, a very low value has been estimated for the Young's modulus in order to fit the displacement field associated with the January 1997 explosion. This suggests that a viscoelastic behavior may be more appropriate for the equivalent continuum, given the dynamic Young's modulus estimated from wave propagation. 
